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[1] We performed laboratory experiments to investigate shear localization and the
evolution of frictional behavior as a function of shear strain. Experiments were
conducted on water-saturated layers, 0.3—1 cm thick, of Caesar till, a granular material
analogous to fault gouge. We used the double-direct shear configuration at normal
stresses ranging from 0.5 to 5 MPa and shearing velocities of 10—100 pm/s. Shear
localization was assessed via strain markers and two proxies: (1) macroscopic layer
dilation in response to perturbations in shear stress and (2) rate/state friction response to
shear velocity perturbations. In creep mode experiments, at constant shear stress, we
monitored dilation for perturbations in shear stress. In standard friction tests, we
measured the coefficient of friction during perturbations in macroscopic strain rate. We
find evidence of strain localization beginning at shear strain v = 0.15 and continuing
until v &~ 1. Analysis of strain markers supports interpretations based on the proxies for
localization and shows that strain is localized in zones of finite thickness. We also
investigate symmetry of the friction response to step changes in imposed slip velocity
and find that the behavior is symmetric. Our results favor the Ruina law for friction state
evolution in which slip is the fundamental variable rather than the Dieterich law. The
critical slip distance for friction evolution, D,, is ~140 pym. The Dieterich state
evolution law requires different values of D, for velocity increases/decreases, 100 um

versus 175 pum, respectively, and would imply strain localization/delocalization

associated with shear in a finite zone.

Citation: Rathbun, A. P., and C. Marone (2010), Effect of strain localization on frictional behavior of sheared granular materials,
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1. Introduction

[2] The localization of strain in brittle shear zones has
broad implications for the seismic and aseismic nature of
tectonic faulting and the rheology of subglacial till. Cata-
clasitic processes, wear, and reworking of sediments form
fault gouge and its analog in the deforming substrate of
some glaciers, subglacial till. Field observation of brittle
shear zones [e.g., Logan et al., 1979; Arboleya and
Engelder, 1995; Chester and Chester, 1998; Cashman and
Cashman, 2000; Faulkner et al., 2003; Hayman et al., 2004;
Fossen et al., 2007; Cashman et al., 2007], laboratory
experiments [e.g., Mandl et al., 1977; Logan et al., 1979,
1992; Marone et al., 1990; Gu and Wong, 1994; Beeler et
al., 1996; Scruggs and Tullis, 1998; Niemeijer and Spiers,
2005], and numerical simulations [e.g., Antonellini and
Pollard, 1995; Morgan and Boettcher, 1999; Mair and
Abe, 2008] show that slip often localizes into discrete zones
or along distinct fabrics in the shear zone.
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[3] Field observations from exhumed brittle shear zones
indicate that large slip (tens of kilometers) may occur in
zones that range in width from a few centimeters to tens of
meters [Mooney and Ginzburg, 1986; Montgomery and
Jones, 1992; Chester and Chester, 1998; Storti et al.,
2003; Sibson, 2003; Wibberley and Shimamoto, 2003; Billi
and Storti, 2004; Chester et al., 2004; Di Toro et al., 2005].
Fault zones grow in width by continued slip and evolve
internally due to grain size reduction and mineral growth
along shear bands [e.g., Engelder, 1974; Scholz, 1987;
Schleicher et al., 2006]. Such faults often include highly
localized principal slip zones, which are hosted in fault
damage regions and gouge zones. Fault zone width is
difficult to quantify and exhibits extreme variation along
strike, even for a single fault, but generally ranges from
centimeters to hundreds of meters or more [e.g., Scholz,
2002; Sibson, 2003].

[4] Rate and state friction have been used to describe the
behavior of brittle faulting in gouge and rocks [Dieterich,
1979, 1981; Ruina, 1983] based on the idea that stick-slip
motion and interseismic creep are analogs for the seismic
cycle [Brace and Byerlee, 1966]. Frictional instability
requires that faults weaken with either increased slip (slip
weakening) or increased velocity (velocity weakening). If
the rate of weakening exceeds a critical value, elastic strain
energy is released from the surrounding materials, causing
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Figure 1. Double-direct shear configuration. The nominal
frictional contact area was 10 cm x 10 cm and did not change
with shear. Initial layer thickness was 0.3, 0.5, or 1 cm. The
block arrangement was surrounded by a rubber membrane
and filled with water. The reservoir was open to the
atmosphere leading to saturated, drained conditions.

shear heating and elastic wave radiation. The critical weak-
ening rate depends on the normal stress and elastic proper-
ties of the fault region [e.g., Scholz, 2002]. For deformation
zones that exhibit increased frictional strength with increas-
ing strain rate (so-called velocity strengthening frictional
behavior), aseismic slip and creep are expected. Such
behavior is expected for pervasive deformation prior to
strain localization [Marone et al., 1990, 1992]. The term
creep is often used in two different contexts; in this study,
we will use the word creep to denote deformation under
constant shear stress, rather than to distinguish aseismic
from seismic slip. In a granular material, pervasive shear
and velocity strengthening frictional behavior have been
attributed to the dilational work required to expand the layer
[Mead, 1925; Frank, 1965; Marone et al., 1990].

[s] Many of the processes that govern friction and strain
localization in fault gouge also appear to be important in
subglacial till. Shear deformation within till accounts for a
large portion of the net displacement of some fast moving
glaciers and ice streams [e.g., Clarke, 2005]. The rheology
of subglacial till has been a matter of much debate; see Alley
[2000] and Clarke [2005] for recent reviews. Early inves-
tigators used a power law relationship for glacial till where
strain rate is proportional to shear stress raised to a stress
exponent, n [e.g., Boulton and Hindmarsh, 1987]. For
convenience, most modeling studies have assumed that till
behaves as a viscous material with n of order 1, whereas
most laboratory studies report a frictional (often termed
“plastic”) rheology of n > 15 [e.g., Kamb, 1991; Iverson et
al., 1997, 1998]. Work by Rathbun et al. [2008] shows that
the rheology of till evolves from 7 < 10 to n > 50 from the
onset of motion to steady frictional sliding. Recent studies
show that glaciers exhibit stick-slip motion in some cases
[Anandakrishnan and Bentley, 1993; Ekstrom et al., 2003,
2006] and physical models have been proposed [T5ai et al.,
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2008; Winberry et al., 2009]. Basal tills are often charac-
terized by zones of localized shear, [e.g., Truffer et al.,
2000; Kamb, 2001; Evans et al., 2006, Menzies et al., 2006]
and laboratory studies indicate that till rheology is gov-
erned, in part, by the distribution of strain localization
[Larsen et al., 2006; Thomason and Iverson, 2006; Iverson
et al., 2008; Rathbun et al., 2008]. However, there are
relatively few detailed laboratory studies of strain localiza-
tion and its effect on friction constitutive properties of till.

[6] Laboratory studies focused on earthquake faulting
have shown that fault gouge often exhibits a transition from
pervasive to localized deformation with increasing strain
and that this transition coincides with a change from stable
to stick-slip frictional sliding [e.g., Logan et al., 1979, 1992;
Marone et al., 1990; Beeler et al., 1996; Marone, 1998].
Similar connections between strain localization and fric-
tional properties are emerging from studies of glacial till
[e.g., Iverson et al., 2008; Rathbun et al., 2008]. However,
most studies of till do not include direct information on
friction constitutive behavior or stick-slip.

[7] The purpose of this paper is to report on laboratory
investigations of strain localization and its influence on
frictional behavior of till and granular fault gouge. We
employ both constant shear velocity and constant shear
stress boundary conditions, with careful attention to the
influence of shear fabric development on frictional strength,
layer dilation, and rate/state friction properties including the
critical slip distance and steady state frictional strength.

2. Experimental Methods

[8] Experiments were performed in a servohydraulic,
biaxial testing apparatus using the double-direct shear
configuration (Figure 1). Two granular layers were sheared
simultaneously between three steel forcing blocks at con-
stant normal stresses of 0.5, 1, and 5 MPa (Table 1). The
horizontal ram of the testing machine applies a constant
normal force and the vertical ram imposes shear traction.
Both rams can operate in stress or displacement servocon-
trol. Layer dimensions were 10 cm x 10 c¢cm (nominal
frictional contact area) x a thickness of 0.3, 0.5, or I cm
(Table 1). Forcing blocks were grooved to a depth of 0.8 mm
with wavelength of 1 mm perpendicular to shear to ensure
that deformation occurred within the layer and not at the
layer-block interface.

[9] Granular layers were constructed by applying a wall of
cellophane tape around the forcing blocks to the desired
layer thickness. The sample was then added and planed off to
the desired thickness using a precision leveling jig (Table 1).
This method produced constant initial layer thickness to a
tolerance of +0.2 mm. To reduce material loss along the
front/back layer edges, guide plates were attached to the side
forcing blocks. Molybdenum lubricant was used beneath the
side forcing blocks to facilitate motion and layer dilation/
compaction at constant normal stress. To further reduce
material loss, a 0.01” latex sheet was applied to the underside
of the blocks. Calibration experiments show that the latex
sheet adds <20 N (2 kPa) to the measured shear force
[Carpenter, 2007] and we correct for this effect along with
the gravitational force associated with the mass of the center
forcing block (19 N).
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Table 1. Experiment Details®

Experiment ¢, (MPa) Experiment Type h; (mm) i

p729 1 Creep- 2% steps 10 1.12
p731 1 Creep- 5% steps 10 1.15
p732 1 Creep- 5% steps 10 1.12
p737 1 Creep- 2% steps 10 1.13
p746 1 Creep- 2% steps 10 1.19
p750 1 Creep- 5% steps 10 1.14
p757 1 Creep- 5% steps 10 0.1
p760 1 Creep- 2% steps 10 0.18
p761 1 Creep- 5% steps 10 0.16
pl125 1 Creep- 5% steps 10 0.15
pl131 1 Creep- 5% steps 10 0.25
pl167 1 Creep- 5% steps 10 0; 2.65
pl1194 1 Creep- 5% steps 10 0.19; 1.78
pl215 1 Creep- 5% steps 5 0.25
pl216 1 Creep- 5% steps 5 0.95
p1228 1 Creep- 5% steps 10 0.56
p1229 1 Creep- 5% steps 5 0.3
pl230 5 Creep- 5% steps 10 0.87
pl231 5 Creep- 5% steps 10 0.3
pl1253 0.5 Creep- 5% steps 10 1.05
pl1263 0.5 Creep- 5% steps 10 0.09
p1345 1 V-Steps- 10—30 pm/s 10 NA
pl494® 1 Constant Displacement 10 NA
p1507 1 V-Steps- 10—30 pm/s 10 NA
p1508° 1 V-Steps- 10—-30 pim/s 10 NA
pl513 1 Creep- 5% steps 10 0.52
pl572 1 V-Steps- 10—-30 pm/s 10 NA
pl8l4 1 Creep-7.5% steps 10 0.24; 1.27
p1824 1 Creep- 5% steps 10 1.07
p1906 1 Creep- 5% steps 10 1.17
pl1910 1 Creep- 5% steps 3 0.7
p1938 1 Creep- 5% steps 10 0.17; 0.56
p1940 1 Creep- 5% steps 3 0.15; 0.92
pl942 1 Creep- 5% steps 10 43

4The parameter A; is initial layer thickness and ; is initial shear strain.
NA, not applicable.
Experiments that included strain markers.

[10] Strain markers were constructed in select experi-
ments (Table 1) by placing three sets of brass sheets
(0.005” thick) at equally spaced increments in the layer.
Each set was filled with a 2 mm wide layer of blue sand
(Kelly’s Crafts, Inc.) and then the brass sheets were re-
moved leaving a strip blue sand in the layer. The bulk
weight percentage of markers was kept <5% to ensure that
this material did not impact bulk frictional strength of the
layer [e.g., Logan and Rauenzahn, 1987].

[11] All experiments were conducted under nominally
saturated conditions by submerging the sample in water
using a flexible rubber membrane (Figure 1). The reservoir
was left open to the atmosphere at the top, resulting in
saturated drained conditions for the layer. Before the appli-
cation of stress, the sample was allowed to equilibrate with
water for at least 45 min to ensure complete saturation.

[12] Normal and shear forces were measured with BeCu
load cells to 0.1 kN resolution. Displacements were mea-
sured by direct current displacement transducers (DCDTs)
to 0.1 pm resolution. Experiments were recorded with
24-bit analog-to-digital precision. We used a recording rate
of 10 kHz and averaged samples for storage at >10 sample
per micron of shear displacement in all experiments.
Shearing velocity was computer-controlled via an analog
servo command signal updated at 100 Hz. The initial layer
thickness was measured, in situ under load, to £0.01 mm.
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Measured displacements normal to the layer correspond to
changes in layer thickness at constant normal stress. Both
normal and shear displacements reported here have been
corrected for the elastic stiffness of the vertical and horizon-
tal load frames, 5 and 3.7 MN/cm, respectively. We measure
macroscopic shear strain of the layer by integrating the
measured slip increments, imposed at the layer boundaries,
and dividing by the instantancous layer thickness

KXimax
Xi — Xj—1
’Y=Z/ hj’ : )
=

where « is bulk shear strain, x; is the position of the center
forcing block (e.g., shear offset at the layer edge), £ is the
instantaneous thickness at slip increment j, and X, is the
total displacement.

[13] The experiments were conducted using Caesar till,
which is a mixed grain size granular material that derives
from the Scioto (Ohio) Lobe of the Laurentide Ice Sheet and
dates to about 19,500 years ago [Haefner, 1999]. Samples
were air-dried and then disaggregated by hand before grain
size analysis following the procedures of Rathbun et al.
[2008]. We sieved the till and removed the >1 mm fraction
in order to preserve stress homogeneity at our layer bound-
aries and to ensure that deformation was representative of
the sample as a whole, rather than a few large grains. The
experimental grain size was 98.7% sand, 1.2% silt, and
0.1% clay-sized grains (Figure 2) with some grains com-
posed of aggregations of several small particles. Grain sizes
less than 63 um were analyzed using laser obscuration in a
Malvern Mastersizer. Sample composition was determined
via X-ray diffraction [Underwood et al., 2003], with relative
abundances of 35% quartz, 26% calcite, 23% plagioclase,
and 16% clay minerals with the clay particles composed of
35.3% smectite, 38.5% illite, and 26.1% chlorite/kaolinite.
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Figure 2. Grain size distribution for Caesar till. Samples
were air-dried and sieved. Fine fraction (<63 pm) was
analyzed using laser diffraction. Experiments are conducted
on all grains that passed through a 1 mm sieve.
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Figure 3. Complete stress-strain history for a representa-
tive experiment. Layers were sheared under controlled shear
stress or constant shear displacement rate (boxed areas).
(a) Shear stress and strain versus time to highlight creep
mode section. (b) Shear stress versus shear strain for the
same experiment. The preconditioning shear strain, -; was
varied systematically to study the effect of shear localization
on creep behavior. We measured 7,5 during the (precondi-
tioning) run-in, prior to creep tests under stress control.
After completion of creep testing, we switched back to
constant shear displacement rate. Modified from Rathbun et
al. [2008].

2.1. Procedure for Monitoring Strain Localization

[14] Strain localization and shear fabric evolution were
investigated by direct observation of preserved samples,
postshear, and by indirect metrics measured in situ during
the experiment. Layers were impregnated with epoxy for
microstructural evaluation and tracking of strain markers.
Experiments at low normal stresses and with granular
particles typically do not show a well-developed shear
fabric [e.g., Mair and Marone, 1999]. Therefore, we devel-
oped indirect methods of fabric characterization based on
the layer response to perturbations in shearing rate and shear
stress. These include layer dilation, friction memory effects
characterized by the critical slip distance, and the steady
state rate dependence of kinetic friction.

[15] Layer dilation was used as a proxy for strain local-
ization. That is, we assume that only the fraction of the layer
undergoing active strain exhibits shear dilation upon a
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perturbation in loading rate. Pervasive shear, in which the
whole layer is actively involved in shear, results in larger
dilation than localized shear, in which only a fraction of the
layer is actively involved in shear. We measure dilation after
accounting for geometric thinning of the layer in direct
shear [Scott et al., 1994].

3. Procedure, Results, and Analysis of
Experiments

[16] We conducted two types of experiments for this
study (Figure 3): (1) creep mode tests in which layers were
sheared at a controlled shear stress value and (2) standard
friction tests in which layers were sheared at a controlled
shear displacement rate.

3.1. Creep Experiments

[17] Creep mode shearing (Figure 3a) began by first
measuring steady state frictional strength, 7.5 (Figure 3b)
at constant shear displacement rate. We refer to the shear
strain that accumulated prior to creep loading as precondi-
tioning shear strain, ;, and we varied ~; from 0 to 4.3 to
investigate its effect on fabric development and creep
rheology. Creep tests began at a shear stress of ~70% of
Tres and shear stress was increased in steps equal to 2%, 5%,
or 7.5% of T, and held for 45 min (Table 1). For experi-
ments that did not reach steady shear strength during v;, 7 s
was estimated using an average value from other experi-
ments [Rathbun et al., 2008] and then checked after creep
loading.

[18] We measured frictional rheology and layer thick-
nesses changes at each stress until tertiary creep occurred
(Figure 3). For shear stresses <90% of 7., shear strain was
negligible during creep step tests [Rathbun et al., 2008].
However, tertiary creep produced measurable shear strain
for stresses near T, as shown for the final stress step in
Figure 3; note that about 18 ks in Figure 3a corresponds to
~ ~ 1.2 in Figure 3b. For the conditions of our study, tertiary
creep began at 92—100% of 7., depending on ~; [Rathbun
et al., 2008].

[19] After completion of the creep portion of the exper-
iment, layers were again sheared at a constant displacement
rate of 10 pm/s to investigate strain hardening and changes
in friction (Figure 3a). The difference in frictional strength
before and after creep was always <1.5%, and thus we
assume that the strain accumulation during creep tests did
not significantly affect fabric development.

[20] Details of the creep behavior during stress steps are
given in Figure 4. The stress step risetime was 1—2 s, during
which time shear strain rate increased rapidly. Layer dilation
is clearly evident in the raw data dashed line (Figure 4), but
to improve measurement precision, we removed the trend in
layer thickness associated with geometric thinning [Scott et
al., 1994]. For a step increase in stress, strain rate first
increased, consistent with primary creep, and then decayed
steadily to a steady state value within 30—40 min (Figure 4,
inset), which we associated with secondary creep. We did
not attempt to verify the establishment of secondary creep in
each case, because many previous works have shown that
friction of geomaterials exhibits log-time creep relaxation
for subcritical stresses [e.g., Marone, 1998; Karner and
Marone, 2001; Mitchell and Soga, 2005; Rathbun et al.,
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Figure 4. Layer thickness data for two representative
shear stress steps during creep loading. Dashed line shows
raw layer thickness. Lower line shows change in layer
thickness, Ah* corrected for geometric thinning. Note rapid
dilation and steady state change in thickness caused by
stress steps. Inset shows the temporal evolution of corrected
layer thickness during one complete stress step.

2008]. However, for the resolution of our measurements
(<0.1 pum), layer dilation was complete within 10—20 min
after a stress step (Figure 4, inset). We define creep dilation
Ah* as the difference between layer thickness 40 min after
the stress step and initial layer thickness before the step.
Positive Ah* represents dilation. The values of Az* do not
vary systematically as a function of shear stress in a given
experiment.

3.2. Dilation and the Onset of Localization

[21] We investigated the effect of shear localization on
creep behavior by systematically varying preconditioning
shear strain 7; (Figure 3). Figure 5 shows data from 12
experiments in which we compare creep dilation as a
function of stress step magnitude and shear strain. Our three
stress step magnitudes range from 0.01 to 0.045 MPa
(Figure 5). Layer dilation Ah* increased strongly with
stress change for layers with low initial strain (y; < 0.2),
whereas for higher values of +;, dilation was nearly inde-
pendent of stress step size (Figure 5).

[22] To further investigate shear localization and fabric
development, we analyzed the effect of stress perturbations
on layer thickness Ah* (e.g., Figure 4) as a function of ~;
(Figure 6). The dilation parameter AA* is a proxy for fabric
development if dilation occurs within only the fraction of
the layer thickness where strain is localized. Figure 6 shows
data for three layer thicknesses and two normal stresses. For
our range of conditions, AA* did not vary systematically
with normal stress (Table 1). Each point in Figure 6
represents the average of all shear stress steps in a given
experiment plotted versus ~; (e.g., Figure 3).

[23] The bulk of our experiments were conducted using
1 cm thick layers. In these experiments, creep dilation
decreased systematically as a function of initial shear strain
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and reached stable values by 7; ~ 1.2—2 (Figure 6). Layer
dilation was about 6 pum for ; = 0.1 (the lowest values we
could study) and decreased to 1 pum for ; > 1.2. These
data are consistent with a logarithmic decrease in Az* as a
function of +;, at least up to v; = 1.2. Beyond v; = 1.2,
dilation remains constant with increasing shear strain
(Figure 6, inset).

[24] A subset of experiments was conducted with 0.3 or
0.5 cm thick layers (Figure 6). For the thinner layers, layer
dilation was about 3 pum for the lowest 7, values and
decreased to 2 um for «; = 1. These data are consistent
with the idea that shear is distributed across the entire layer
thickness at low strains and then becomes localized, to a
thickness that is independent of 4, for larger strains. Shear
localization and fabric development also influence the
rheology of sheared granular layers [Rathbun et al.,
2008]. In section 3.3, we extend the investigation of shear
localization and consider results from tests conducted at
constant macroscopic strain rate (e.g., Figure 3).

3.3. Slip Velocity Step Tests

[25] In addition to velocity step tests conducted after
creep mode loading (e.g., Figure 3), we ran dedicated
experiments at controlled shear velocity, which included
stepwise increases and decreases in velocity between 10 and
30 pum/s (Figure 7). These experiments were done with
10 mm thick layers and were designed to assess variations
in rate/state friction parameters as a function of strain. Such
variations have been used as a proxy for fabric development
in sheared layers [Marone and Kilgore, 1993; Beeler et al.,
1996]. The shear displacement at each velocity was 450 or
550 pum (Table 1). Velocity steps continued until a maxi-
mum displacement of ~35 mm corresponding to shear
strains of 3.5—4. During the initial phase of shear stress
increase, velocity steps were partially obscured by nonlinear
strain hardening (Figure 7).

[26] After friction reached steady state, we imposed step
changes in load point velocity, which caused variations in

20

T T T T
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Figure 5. Scaling of dilation A/* with magnitude of shear
stress change. Note that AA* increases with stress step size
for low shear strain (; < 0.2) but not for higher shear strain.
High strain corresponds to ;= 1—1.2 for 0.01 and 0.025 MPa
steps and ~; = 1.28 for 0.045 MPa steps. Low strain
corresponds to y; < 0.02 for 0.01 and 0.025 MPa steps and
~v; = 0.026 for 0.045 MPa steps.
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Figure 6. Layer dilation AA* induced by shear stress
perturbations of magnitude 0.05 7, (e.g., Figure 4) plotted
versus 7;, the initial shear strain prior to creep tests (e.g.,
Figure 3). Inset shows data versus the log of ~,. Dilation is
largest at low ~;, where shear is expected to be pervasive,
and decreases systematically as a function of -y;. The 0.5 cm
thick layers show about half the dilation of 1 cm thick layers
at low strain, about 3 and 6 um, respectively, but the values
are about the same for a shear strain of 1. Each data point
represents several stress steps. Error bars show one standard
deviation from the mean and data with error >30% of the
mean are not plotted.

sliding friction (Figure 7, inset). Upon an increase (decrease)
in loading velocity, friction increased (decreased) and then
decayed to a new steady over a critical slip distance, D,
(Figure 7). The dependence of friction on slip rate and state
(recent slip history) can be described by the rate and state
friction relation

V Vo0
l‘El‘(V79)2N0+aln(VO>+bln([())c) (2)

and one of two evolution laws for the friction state variable
[Dieterich, 1979; Ruina, 1983]

L df Ve
Dieterich law i 1- D, (3a)

. do Ve (Ve
Ruina law E = — D_C In (D—c)7 (3b)

where p is the friction coefficient, o is friction at a
reference velocity V,, V' is the sliding velocity, 6 is a state
variable, and a and b are dimensionless constants (Figure 7,
inset). The friction parameters a, b, and D, are obtained by
solving the coupled equations (2) and (3a) or (3b) along
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with a description of elastic interaction with the testing
machine

du
o = k=), 4)

where k is apparatus stiffness divided by normal stress and
¥, is load point velocity [e.g., Marone, 1998].

[27] In our experiments, we observed that a step increase
in loading velocity causes a rapid increase in shear stress.
The rate of stress increase with load point displacement is
equal to the system stiffness (Figure 7). At some point, the
stress becomes sufficient to cause further slip within the
layer and then frictional strength reaches a maximum, after
which it decays to a new steady value (Figure 7, inset). The
e-folding distance required to establish the new steady state
sliding friction is the critical slip distance D.. We observe
that decreases in loading rate cause a sudden drop in
frictional stress, followed by strengthening to a new steady
state level. When the steady state change in friction has the
same sign as the velocity change, such as shown in Figure
7, the material is said to exhibit velocity strengthening
frictional behavior. Velocity weakening frictional behavior
is defined by a lower steady state friction value at higher
sliding velocity. Friction rate dependence is given by

N )

[28] Previous works on granular and clay fault gouge
have shown that negative values of the friction rate param-
eter, a — b, are associated with localized shear [Marone et
al., 1990, 1992; Beeler et al., 1996]. As fabric develops and
shear becomes more localized, the critical slip distance
decreases [Marone and Kilgore, 1993]. According to Marone
and Kilgore [1993], the reduction in D_ occurs because a
smaller fraction of the bulk layer and fewer particle-particle
contacts are contributing to shear.

3.4. Evolution of the Critical Slip Distance

[20] We analyzed velocity step tests to assess evolution of
constitutive parameters with strain and fabric development
(Figure 7). A nonlinear, least squares inversion method was
used to obtain parameters, following the procedures of
Blanpied et al. [1998]. Each velocity step was modeled
separately (Figure 8). In a few cases, the data exhibit a small
overall trend of strain hardening (or weakening), which we
accounted for by including a linear term in the model. The
best fit model and a sensitivity analysis for the critical slip
distance, D,, are presented for two representative velocity
steps in Figure 8 using both the Dieterich state evolution law
(equation (3a)) and the Ruina evolution law (equation (3b)).
For the velocity increase, the best fit parameters are: a =
0.0116, »=10.0106, and D, =95 pm using the Dieterich law
and @ = 0.0121, b = 0.0102, and D, = 115 pum using the
Ruina law (Figure 8). For the velocity decrease, the best fit
parameters are « =0.0137,5=0.0117, and D.= 152 pm, and
a=10.0131, »=0.0110, and D, = 108 pm for the Dieterich
and Ruina laws, respectively (Figure 8). For reference, we
fix the values of a and b in each case and compute three
forward models using different values of D.. Changing the
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Figure 7. Controlled slip velocity experiment. Velocity is stepped between 10 and 30 pm/s and held for
either 450 or 550 um for the entire displacement range of the apparatus. Each velocity step causes a
spike, then decay in friction. Inset shows frictional response to a step increase in velocity. When velocity
is increased, frictional strength increases instantaneously and then decays over a characteristic slip
distance (D.). In this example, the instantaneous increase is larger than the subsequent decay, and
therefore the steady state sliding friction exhibits positive a — b and velocity-strengthening behavior.

value of D, by as little as 25 pm results in a significant misfit
(Figure 8).

[30] Comparison of forward models with similar values
of D, shows that the friction behavior is asymmetric for
velocity increases and decreases when analyzing the steps
with Dieterich evolution. The value of D, is nearly a factor
of 2 higher for velocity decreases compared to increases.
Whereas the values of D, are symmetric when the data are
fit using the Ruina law. There is significant covariance
between parameters [e.g., Blanpied et al., 1998], but we
focus here on D,, for fixed values of a and b, to assess
asymmetry and differences between velocity increases and
decreases.

[31] Using the procedure shown in Figure 8, we assess
evolution of constitutive behavior as a function of shear
strain by fitting velocity steps for multiple experiments.
Values of a — b are similar for velocity increases and
decreases, with both showing velocity strengthening and a
slight reduction in magnitude for v < 2 (Figure 9). The
average value of @ — b for velocity increases is 0.0023 +
0.0014 compared to 0.0028 £ 0.0019 for velocity decreases
with the Dieterich law. Using the Ruina law, these values
change slightly to 0.0022 £+ 0.0014 and 0.0024 £ 0.0016 for
increases and decreases, respectively. This consistency is
expected because a — b represents a steady state response,
which is independent of the details of state evolution. Our
measurements are consistent with previous results for this

material [Rathbun et al., 2008], which show velocity
strengthening frictional behavior for normal stresses from
50 kPa to 5 MPa and slip velocities from 1 to 300 pm/s.

[32] Considering the range of our data, which start at a
shear strain of about 1, the critical slip distance is indepen-
dent of shear strain, within the scatter in the data. However,
D, is systematically different for velocity increases and
decreases (Figures 9a and 9c) when using the Dieterich
law. Mean values of D, are 93.3 + 20.2 pym and 182.9 +
41.1 pm for velocity increases and decreases, respectively,
in experiment p1572. These data and the sensitivity analysis
of Figure 8 show a clear asymmetry in the critical slip
distance for step increases and decreases in velocity. Fric-
tion approaches steady state within a shorter slip distance
after velocity increases than velocity decreases.

[33] We modeled the same velocity steps with the Ruina
state evolution law and find that the values of D, are
symmetric for velocity increases/decreases (Figure 9). In
experiment p1572, the mean for D, is 122 + 53 ym and 140 +
18 pum for velocity decreases and increases, respectively. In
p1345, increases have a D of 139.1 £34.7 yym and decreases
a D. of 131 £ 19 pym when using the Ruina law. For
experiment p1507, the mean for increases is 123 £+ 29 um
and for decreases 121 + 13. There is no clear asymmetry
within the scatter in these data.

[34] In all cases, the Dieterich law produces significant
asymmetry for velocity increases/decreases. This is consis-
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tent with expectation, because the Dieterich law assumes that
steady state is reached within a critical time; thus, the slip that
accumulates during that time should be larger for velocity
increases than for velocity decreases. This would predict
larger values of D, for velocity increases than decreases,
which is opposite to what we observe (Figure 9). This issue is
discussed in section 4.2.

T T T T T
F A Data
=D =75um
= 61| - M
I= DC =95um
.0
O 0605
=
o
O
O o6t i
c
.0
=
L 0595 ph |
L 10 { 30um/s 100 um
p1572
! . | . Dieterich Law|
! i T T T +
3 B Data
:: 0.61 | mweeees D = 75 um
% L — —-Dc=115um |
S o605] N —--Dc=150 ym |
=
[0}
@)
O o6l i
c
.0
=
O 0505 gt )
- 10 { 30pm/s 100 um
p1572
| | . Ruina Law
T — + } ! ¢
1 C w0 i 10 um/s —
= 0595 |
-
c
.0
L 0591
=
[0
O
O o585
c
.0
=
L os8f
L L p1572 —-===D =75um
Dieterich Law | |
D : P 0 ' T t f
| 30 i 10 pm/s A
2 0595 100 pm ]
-
c
.0
Q 0591
[y
[0}
S
2 0.585 L Do 75 0
O -
- — — -Dc =108 um
\C 058 — --Dc = 150 ym 7|
| p1572 |
Ruina Law —=--==Dc =200 pm
1 . | ) |

Loadpoint Displacement

RATHBUN AND MARONE: STRAIN LOCALIZATION IN GRANULAR MATERIAL

B01204

3.5. Strain Markers and Localized Deformation

[35] Thin zones of blue sand were added to select experi-
ments (Table 1) to track the strain distribution within the
layer. These layers were carefully recovered after shear,
impregnated with a low-viscosity epoxy, and cut to expose a
plane perpendicular to the layer and parallel to the shear
direction (Figure 10). Photomicrographs in reflected light
document offset of the markers and a combination of
pervasive and localized strain (Figure 10). These images
confirm that shear occurred within the sample and not at the
interface with the rough forcing blocks. Strain markers are
arcuate near the layer edges and curve into a boundary
parallel () orientation toward the center of the layer (Figure
10b). The thin zone of shear marker seen throughout the
layer indicates that strain does not localize into a true Y
shear, but into a narrow zone in the center of the sample.
This implies that the boundary parallel “Y shears” in these
experiments have finite width and that shear within them is
not on an infinitesimally thin plane.

[36] Curvature of the markers along the layer boundaries
indicates progressive localization with increased macro-
scopic strain (Figures 10b—10d). Three transects were taken
across the sheared sample, one at each boundary and one in
the center of the shear marker (Figure 10c). The angular
shear strain

Y, = tanp, (6)

where 1) is the angle between the initial position of the shear
marker and current position, and was calculated in the
curved portion of the marker using the method of Ramsay
and Graham [1970]. The 7, can be calculated between each
point along the transect (Figure 10d). We may compare
angular shear strain, -y, to bulk shear strain across the layer,
v (equation (1)). Bulk shear strain represents a macroscopic
average whereas 7, can be used to infer strain in a localized
area of the sample and may have values much larger than ~.
We only present calculations of v, along the curved portion
of the strain marker, near the layer boundary (Figures 10c
and 10d). In the central, high-strain portion of the layer,
Riedel shears and indentations of large grains into our shear
marker preclude calculations of 7,

Figure 8. Two velocity steps with velocity increased
(Figures 8a and 8b) and decreased (Figures 8c and 8d) for
experiment p1572. (a) Velocity is instantaneously increased
from 10 to 30 pm/s. After the increase, friction increases and
then decays to a new steady value over the critical slip
distance (D.). Inverse modeling using the Dieterich law
(thick, gray line) produces values of 0.0116, 0.0106, and
94,7 um for the parameters a, b, and D, respectively.
Forward models with different values for the critical slip
distance are shown for reference. (b) Analysis using the
Ruina law. Inverse modeling produces values of 0.0121,
0.0102, and 114.7 um for a, b, and D, respectively.
(c) Velocity is decreased to 10 pum/s and modeled with the
Dieterich law. Values are 0.0137, 0.0117, and 151.5 pm for
a, b, and D,, respectively. Reference forward models are
shown for different critical slips. (d) Velocity decrease
modeled with the Ruina law. Values are 0.0131, 0.0110, and
108.0 um for a, b, and D,, respectively.
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Figure 9. Friction constitutive parameters for two select experiments. Velocity decreases and increases
are presented for the (a, ¢) Dieterich law and (b, d) Ruina law. The velocity dependence of friction (a — b)
decreases with increased shear strain in all cases. Values for a — b show no variation between velocity
increases or decreases when using either law. Values of the critical slip distance are dependent on the sign
of the velocity step when modeled with the Dieterich law (Figures 9a and 9c). Modeling the data with the
Ruina law produces equivalent D, for both velocity increases and decreases.

[37] Figure 10d presents v, as a function of position
within the sample. Near the shear zone boundary, v, is near
zero and increases toward the center of the layer. Strain is
high in the central zone and local variations associated with
large grains and slip surfaces make it difficult to resolve the
peak strain value. Thus, equation (6) does not give an
accurate assessment of strain in the central region. Never-
theless, the overall strain distribution can be approximated
with a normal distribution and compared to measurement of
macroscopic layer strain, 7, from the experiment. We
integrate the normal distribution to derive a total shear
displacement of 16.6 mm. The value can be compared to
the measured shear displacement imposed at the layer
boundaries, which was 30.4 mm, and the bulk shear strain,
which was 3.9. We may assume that the slip derived from
local angular shear strain, 16.6 mm, represents only that

which occurred outside the central zone of high strain
(Figure 10). This amount of slip corresponds to the outer,
curved portion of the shear marker. In this case, the
remaining v of 1.9 would occur in the central, boundary
parallel section, which is roughly 1.6 mm thick and in the
center of the sample. The 1.6 mm thickness corresponds to a
few grain diameters in thickness. To account for the
remaining  in the layer, a peak shear strain of 8.6 is
required for the highly localized section near the center of
the layer, which is reasonable.

[38] Shear markers and the spatial distribution of strain in
the layer show that shear is initially pervasive and becomes
localized (Figure 11). One possibility is that Y shear forma-
tion could simply cut the markers as shown in Figure 11c.
However, the photomicrographs document significant cur-
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Position (mm)

Angular Shear Strain,\(a

Figure 10. Photomicrograph showing shear strain within the layer. Total bulk shear strain in the
experiment was 3.9. (a) The strain markers were initially vertical; arrows on the top and bottom indicate
sense of shear. (b) The three sets of strain markers are outlined. Because of the large displacement in the
sample, only the central marker is complete. During disassembly, the sample parted on the leftmost strain
marker. The shear marker curves into a boundary parallel zone in the center of the sample. Fiducial lines
represent the angular shear strain from the rotation of a vertical line. (c¢) Enlarged image of Figure 10a
with three transects across the shear zone. The angular shear strain, -, is calculated between each point
and presented in Figure 10d. (d) Angular shear strain as a function of position across the sample. Data
symbols and position correspond to Figure 10c and the thickness of the sample. The displacement from
the overlaid normal distribution (solid black line) corresponds to bulk shear strain, v ~ 2 leaving v ~ 1.9
in the center 1.6 mm of the sample. Micrograph from experiment p1508; no vertical exaggeration.

vature of the markers as expected for spatially progressive
localization (e.g., Figure 11d).

[39] We posit that boundary parallel shear localization
begins on multiple surfaces and progresses to a certain point
before one or more of the zones coalesce to form a master
shear band. Our observations suggest that during the initial
stages of localization; shear surfaces nearest the layer
boundary arrest first, while those nearer to the center
continue to shear. The low relative amounts of strain on
the boundary, progressing to larger relative amounts of
strain near the center of our sample, cause a curvature of
the strain markers (Figure 10).

4. Discussion

[40] The results of this study document strain localization
and systematic changes in frictional behavior as a function of
accumulated shear strain. Creep mode tests and perturba-
tions in shear stress level show consistent layer dilation for
an increase in shear stress, and we use dilation as a proxy for
shear localization within the layer. These results are consis-

tent with previous works, but we add to those and extend the
investigation to show how progressive fabric development
affects frictional behavior. Our work on slip velocity pertur-
bations compares velocity increases and decreases, and
investigates symmetry in the frictional behavior.

4.1. Dilation as a Proxy for Shear Localization

[41] For granular materials, dilation occurs when shear-
induced grain rearrangement causes a local increase in
porosity [Reynolds, 1885; Mead, 1925]. Our measurements
of macroscopic layer dilation form the basis for assessing
shear localization and the relationship between fabric de-
velopment and frictional behavior. We perform two tests of
the hypothesis that layer dilation is a valid proxy for shear
localization. These involve (1) experimentally varying ini-
tial layer thickness (Figure 6) and (2) using strain markers to
document slip distribution within the layers (Figure 10). In
addition, we can compare our dilation data to inferences
about localization based on friction constitutive parameters
(Figure 9).
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Figure 11. Idealized strain distribution for localized and
distributed deformation. (a) Layer before shear with two
theoretical strain markers. (b) During distributed deforma-
tion, passive strain markers are continuously offset in
simple shear. (c) After initially distributed deformation,
markers are offset by localized deformation in a thin zone or
plane. (d) Distributed deformation transitioning into loca-
lized strain. Boundary zones stop contributing to layer
deformation and neighboring grains continue to shear
resulting in a slight offset of the marker. This process
continues causing an apparent curvature of the strain marker
until all shear occurs in the center of the sample.

[42] We varied initial layer thickness from 3 mm to 1 cm.
Data for 1 cm thick layers show decreasing dilation with
increasing shear strain (Figure 6). If this decrease is the
result of shear localization, layer thickness will influence
dilation at low strain, when deformation is pervasive, but at
high strain, once deformation is localized, layer thickness
will have no influence on dilation. Experiments on 0.3 and
0.5 cm layers produce half the dilation of 1 cm thick layers
at v; ~ 0.15 (Figure 6), which is consistent with dilation
throughout the layer (e.g., distributed shear). At y; ~ 0.25,
our data are less convincing (Figure 6, inset). The 0.5 cm
thick layers fall below the line defined by the 1 cm layers,
but the data for 1 cm thick layers have large uncertainty
(Figure 6, inset). At higher strains, when v; = 1, all layer
thicknesses show equal dilation within experimental uncer-
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tainty and reproducibility. The large variability of dilation at
~; suggests that localization may be complete at a slightly
larger value than 1. These data are consistent with the
hypothesis that deformation has localized into the same
effective thickness for all macroscopic layer thicknesses.
The micrographs and strain markers also support the con-
clusion that shear strain becomes localized within the layer
for macroscopic shear strains in the range ~1-2.

[43] Friction constitutive parameters have been used as a
proxy for shear localization [e.g., Marone and Kilgore,
1993; Beeler et al., 1996; Scruggs and Tullis, 1998; Mair
and Marone, 1999; Frye and Marone, 2002; Mitchell and
Soga, 2005]. Marone and Kilgore [1993] sheared layers of
granular and powdered quartz and found that the critical slip
distance D, decreased until v ~ 6. Mair and Marone [1999]
investigated a range of normal stresses and slip rates and
found that @ — b evolves until v ~ 4. Beeler et al. [1996]
conducted ring shear experiments on granular granite and
found continued evolution of @ — b up to v > 50.

[44] In our experiments, evolution of the friction consti-
tutive parameters appears to be complete by v < 1-2. The
maximum v we impose is ~4, which is lower than other
studies. Also, our material is a glacial till, with inherent
heterogeneity of grains and a large-size distribution. We
believe this is part of the cause of the scatter in D,. as well as
Ah* measurements. The values of a — b display a clear
evolution and decreasing trend until v ~ 2 (Figure 9),
consistent with localization assessed from the strain markers
(Figure 10c). It is possible that continued strain would lead
to further reduction of a — b. In the studies of Marone and
Kilgore [1993], Beeler et al. [1996], and Mair and Marone
[1999], most of the evolution of a — b takes place at low
strain, consistent with both our friction constitutive and
creep dilation data.

[45s] Laboratory studies of till localization using anisotro-
py of magnetic susceptibility (AMS) fabric indicate that
localization evolves until + on the order of 100 [Larsen et
al., 2006; Thomason and Iverson, 2006; Iverson et al.,
2008]. Unfortunately, these studies do not include data on
the friction constitutive parameters for sheared till, and are
all conducted in ring shear apparatuses. This configuration
has a much lower stiffness than our apparatus and is
typically used at lower normal stress. Thus, these tests
require higher shear strain to reach steady state sliding
friction, which makes direct comparison difficult. Past
experiments on the tills used by Thomason and Iverson
[2006] and Iverson et al. [2008] indicate velocity-weaken-
ing behavior, but without information on D, or the evolution
of friction constitutive parameters with strain [e.g., Iverson
et al., 1998]. In general, our results are consistent with these
studies. We see that strain markers initially rotate in a
manner consistent with distributed deformation and then
record progressive localization in a narrow band of finite
width, before slip localizes onto a surface that offsets the
markers (Figure 10). The edges of the strain markers that
were rotated during distributed deformation show both
curvature and thinning toward the center of the shear zone,
indicating that the transition to localized shear occurred
progressively. It is possible that grains in our experiments
continue to rotate and align into a higher-order preferred
orientation than traditional shear fabrics. However, clast
rotation and particle alignment are beyond the scope of this
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Figure 12. Layer dilation data with corresponding stress-
strain curves for experiments at a normal stress of 1 MPa
and initial layer thickness of 1 cm. (a) Dilation begins at -,
~ 0.15 and continues until 7; ~ 1. During the low strain
portion, distributed deformation is occurring throughout the
layer. During the decrease in dilation, shear is progressing
into the localized state. (b) This transition begins before the
peak frictional strength and continues until after steady
sliding friction has been achieved. Gray scale represents the
progression from distributed shear (gray) to localized
deformation (white).

study and we do not attempt to verify our results using
preferred axis orientation.

[46] Our results are consistent with those of Logan et al.
[1992], who sheared granular and clay-rich layers in the
triaxial, sawcut configuration. They report pervasive defor-
mation and the formation of oblique, Riedel shears during
the initial, hardening portion of the stress-strain curve,
followed by formation of boundary parallel Y-shears as
frictional strength approaches steady state. Scruggs and
Tullis [1998] also document localized shear in a boundary
parallel zone within layers of mica and feldspar. They
observe velocity-weakening frictional behavior and make
a connection with shear localization and possible stick-slip
instability.

[47] Strain markers in our experiments indicate that Y-
shears have finite thickness and that they begin to form
before the peak frictional strength (Figure 12). We find that
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dilation begins to decrease at v ~ 0.15, which is before the
peak shear strength (Figure 12). Dilation continues to
decrease as the shear stress transitions to a steady sliding
strength at v ~ 0.3 in most experiments (Figure 12b). By
v ~ 1.2, the decrease in dilation is complete and sliding
friction is steady. During the decrease in dilation, the mode
of deformation changes from a distributed model to one in
which most shear occurs in a boundary parallel zone in the
center of the sample.

4.2. Symmetry of Frictional Behavior for Velocity
Increases and Decreases

[48] In the context of rate and state friction, the two main
state evolution laws (equations (3a) and (3b)) make different
predictions regarding the symmetry of the response to
velocity increases and decreases. The Ruina law predicts
symmetric behavior while the Dieterich law predicts larger
values of D,. for velocity increase than for velocity decrease.
We model our results with both laws and find complex
behavior. Our experiments show a clear asymmetry in the
frictional response to velocity perturbations when data are
fit using the Dieterich state evolution law. Moreover, the
asymmetry is opposite to that predicted for the Dieterich
law. The critical slip distance for velocity decreases are a
factor of 2 larger than those for velocity increases (Figure
9), whereas they should be smaller, according to standard
interpretation [e.g., Marone, 1998].

[49] Many previous studies of the evolution of rate/state
friction with strain have focused on only velocity increases
or decreases, without considering the question of symmetry.
The experiments by Marone and Kilgore [1993] show
decreasing D, with increased shear strain in layers of
granular quartz. They analyzed velocity decreases in detail
and noted a similar trend for velocity increases; however,
they did not compare velocity increases and decreases. The
experiments of Mair and Marone [1999] find that D,
increases with velocity as predicted by the Dieterich law.
Marone and Cox [1994] show that D, increases with
displacement for roughened gabbro blocks due to the
production of a gouge zone. Within the reproducibility of
their data, D, is symmetric for velocity increases and
decreases. Asymmetry of velocity increases and decreases
has been observed in dilatancy produced by velocity steps
[e.g., Beeler et al., 1996; Hong and Marone, 2005].

[s0] When data for velocity increases and decreases are
compared directly, the frictional evolution we observe is
indistinguishable for velocity increases and decreases
(Figure 13a). This symmetry between the increase and
decrease in velocity suggests that the Ruina law may be
more appropriate for these data. This is in contrast to the
work of Beeler et al. [1994] who performed experiments on
granite and quartzite and showed that frictional state evolved
primarily as a function of time, as predicted by the Dieterich
state evolution law. For comparison, we present data from a
second experiment showing asymmetry of the friction evo-
lution (Figure 13b). For these data, pure quartz was sheared
at a normal stress of 25 MPa. Velocity decreases appear to
reach peak friction at smaller displacements than velocity
increases, and friction evolves over a longer distance.

[s1] Our data lend clear support for the Ruina law
interpretation of frictional state evolution. However, an
alternative hypothesis should be considered, given that we
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Figure 13. (a) Velocity increases and decreases for

experiment pl1345 on Caesar till at a normal stress of
1 MPa. Seven steps are shown: three velocity increases
(black) and four decreases (red). Velocity decreases are
inverted (green) for comparison. Peak friction and the
evolution to steady state are indistinguishable for increases
and inverted decreases. (b) Velocity increases and decreases
for pure quartz sample shear at a normal stress of 25 MPa.
Velocity increases and decreases exhibit differing behavior
with the decreases reaching peak friction at smaller
displacements and evolving to steady state and larger slip.
Peak friction is slightly small for decreases than increases.

find evidence for shear localization in a gouge layer. One
could argue that the Dieterich law is correct, and that
changes in the degree of shear localization explain our data.
Previous studies have established that the critical slip
distance scales with particle size [e.g., Dieterich, 1981;
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Marone and Kilgore, 1993] in a manner consistent with
Rabinowicz’s [1958] original interpretation of D, in terms of
the lifetime of adhesive contacts. Marone and Kilgore
[1993] extended this idea and proposed that the critical slip
distance for granular shear scales with the number of
particles within a shear band (see also Marone et al.,
2009). That is, for a zone of thickness 7, the effective
critical slip distance D, is given by the sum of contribu-
tions from individual contacts within the zone

Doy = nD.x, (7)

where x is a geometric factor to account for contact
orientation and » is the number of particle contacts in the
shear band.

[52] For a fault zone of thickness 7, the effective critical
slip distance represents contributions from each contact
within the zone. Particle diameter d can be related to D,
via contact properties as

D. = d 47 (8)

where ¢ is a constant including elastic and geometric
properties and the slip needed for fully developed sliding at
the contact [Boitnott et al., 1992]. Combining these
relations and the constants yields a relation between D,
and shear band thickness

ch = T’Ym (9)

where .. is the critical strain derived from slip increments
on individual surfaces within the shear zone [Marone and
Kilgore, 1993, Marone et al., 2009].

[53] In the context of this model, asymmetry in frictional
behavior for velocity increases versus decreases can be
explained by dynamic variation in shear band thickness.
Larger values of the effective critical slip distance imply that
a larger number of contacts, and a thicker shear band, are
actively slipping. Thus, we posit that a transient increase in
the imposed shearing rate causes contacts to strengthen, via
the friction direct effect, followed by weakening. This
would cause a transient widening of the shear band, as
interparticle slip is temporarily arrested and particles rotat-
ed, with attendant local dilation. With continued slip, and
contact weakening via the friction evolution effect, the shear
band would thin. We assume that interparticle contacts
undergo velocity weakening, even where the macroscopic
friction response is velocity strengthening [e.g., Marone et
al., 1990], and thus the shear band thins as slip is focused on
weaker contacts. On the other hand, a transient decrease in
the imposed shearing rate has the effect of, effectively,
delocalizing shear by equalizing age (frictional state) of
interparticle contacts within the active shearing zone rela-
tive to those outside the zone. This growth (thickening) of
the actively shearing zone as it incorporated more material
from “spectator” regions [e.g., Mair et al., 2002; Mair and
Abe, 2008] would produce larger D,

4.3. Localization and Till Rheology

[s4] The progressive localization that we observe is
consistent with the changes in till rheology noted by
Rathbun et al. [2008]. They observe a gradual change from
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a pseudoviscous rheology with a stress exponent of order 1
at v ~ 0, to values >30 as a function of accumulated shear
strain. Our experiments were conducted using the same
experimental configuration and on the same material as
those of Rathbun et al. [2008]. The change in the stress
exponent and the transition of the stress exponent occur
over the same interval as our decrease in Az*. Our data
support the idea that the rheology of till is a function of
shear localization. These results suggest that as long as
shear remains localized in till, a frictional (Coulomb-plastic)
rheology is appropriate rather than a viscous rheology. In
the case that pore pressure or some other feedback destroys
localization, a viscous rheology could apply until shear
strain accumulates.

5. Conclusions

[ss] Laboratory experiments on a saturated, mixed grain
size granular media show that shear begins to localize prior
to the peak frictional strength. Dilation of the layer in creep
experiments and the evolution of the friction constitutive
parameters (@ — b and critical slip distance) all show a
progressive transition from distributed shear to localized
deformation. Passive strain markers in the layer confirm that
distributed deformation occurs at the lowest shear strain,
and then deformation occurs in a localized zone in the
center of the sample. This localization occurs progressively
starting at a strain of about 0.15 and continues after the peak
strength until a shear strain of about 1-2. The localized
zone is similar to boundary parallel Y-shears in the sample.
Mapping shear strain across the deforming layer using
embedded shear markers shows that the formation of the
boundary parallel layer occurs at shear strain <1.9. These
localization features occur despite the material showing
velocity strengthening frictional behavior at all shear strains.
Step increases and decreases in velocity indicate an asym-
metry in some of the rate and state friction constitutive
parameters. The asymmetry is observed in the critical slip
distance, while the velocity dependence of friction remains
constant for velocity increases and decreases when the data
are modeled with the Dieterich law. If the data are modeled
using the Ruina law, asymmetry is not observed or is
obscured by scatter in the data owing to the heterogeneous
nature of the material. Since the velocity dependence of
friction remains constant for increases and decreases in
velocity, asymmetry could be the result of changes in the
degree of shear localization within the bulk layer. However,
direct comparison of velocity increases and decreases shows
nearly identical evolution of the critical slip distance,
leading us to favor the Ruina law for friction state evolution.

[s6] The results of this study imply that localization of
strain can occur at low shear strains in preexisting faults and
glacial deformation zones. The bulk rheology of subglacial
till may be the result, and not the cause, of localization in
the shearing till layer. Highly localized zones within fault
gouge such as the principal slip surface may begin to form
at low shear strain, regardless of velocity weakening or
strengthening behavior.
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